The realization of efficient organic electronic devices requires the controlled preparation of molecular thin films and heterostructures. Since top-down structuring methods like lithography cannot be applied to van der Waals bound materials 1 , surface diffusion becomes a structure-determining factor that requires microscopic understanding. Scanning probe techniques provide atomic resolution, but are limited to observations of slow movements and therefore constrained to low temperatures. In contrast, the helium-3 spin-echo (HeSE) technique achieves spatial and time resolution at the nm and ps scale, respectively, thus enabling measurements at elevated temperatures 2 . Here we use HeSE to unveil the intricate motion of pentacene admolecules diffusing on a chemisorbed monolayer of pentacene on Cu(110), that serves as a stable, well-ordered organic model surface 3 . We find that pentacene moves along rails parallel and perpendicular to the surface molecules. The experimental data is explained by admolecule rotation that enables a switching between diffusion directions, which extends our molecular level understanding of diffusion in complex organic systems. 4 and is of fundamental importance to the emerging fields of organic electronics and molecular nanotechnology [5] [6] [7] [8] . At present, microscopic characterization of diffusion is focused on motion of molecules chemisorbed on inorganic, mostly metallic, substrates as this facilitates the application of scanning tunnelling microscopy (STM) [9] [10] [11] . In contrast, virtually no experimental data are reported that directly probe molecular diffusion on molecular surfaces. As a consequence of the rather weak, essentially van der Waals, intermolecular interaction with the surface, admolecule motion at room temperature becomes too fast for observation by STM, which also carries the risk of tip-induced motion 12, 13 . However, reducing the temperature may freeze out degrees of freedom (DOF), thereby suppressing potentially important diffusion paths. Unsurprisingly, the behaviour of molecules on organic surfaces is different from inorganic systems, because potential wells describing the interaction between aromatic admolecules and molecular solids are often less pronounced compared to adatoms or covalently bound adsorbates. Moreover, the interplay between rotational DOF and surface anisotropies creates complex potential energy landscapes so that dominant diffusion pathways do not immediately stand out.
Molecular diffusion controls the dynamics of chemical reactions and film growth processes
Among the many p-conjugated molecules that are of interest for organic electronics, pentacene constitutes a well characterized reference system that serves as archetype for organic semiconductors and thin film growth 14 . It can be regarded as rigid, so that conformational DOF which would further complicate diffusion 15 do not have to be considered.
Although organic semiconductors offer the advantage of low temperature processing, crystalline organic surfaces often become disordered and already exhibit pre-melting at room temperature. To exclude these effects, we used a pentacene monolayer (ML) chemisorbed on Cu(110) giving a well-ordered and stable organic model surface 3 ( Supplementary Fig. 1) . A small coverage of pentacene admolecules diffuse on top of the overlayer, while the chemisorbed pentacene surface remains unchanged.
Pentacene admolecule diffusion was probed directly by HeSE, which detects a small energetic Doppler broadening of He atoms upon scattering from moving adparticles. However, the finite monochromaticity of a supersonic He atom beam limits the energy resolution and therefore the range of detectable diffusion rates A HeSE measurement yields polarization as a function of t for a fixed surface parallel momentum transfer K (Fig. 1b) . The polarization is proportional to the so-called intermediate scattering function I(K, t), which is related to the pair correlation function through a Fourier transform 18 , and has been calculated analytically for various prototypical types of surface motion. Specifically, the Chudley-Elliot model for particles hopping on a lattice predicts an exponentially decaying I(K, t) with increasing spin-echo time, t, where the decay constant (so-called dephasing rate)  vanishes when the momentum transfer K matches a reciprocal lattice vector and varies sinusoidally in between 19 . Generally, the shape of (K) reflects the diffusion process and transition rates, while the temperature dependence (T) reveals the energetic barriers. To determine (K) experimentally, HeSE measurements were acquired for a range of K values along a selected azimuth by systematically varying the angle of incidence g (see Fig. 1a ) and extracting the dephasing rate  from the resulting exponentials' decays (Fig. 1b) .
As a consequence of the conservation of momentum, only motion projected onto the specific azimuthal direction is detected, defined by the scattering plane via the azimuthal angle, f ( (Fig. 2 inset). These minima do not arise from diffraction at immobile surface molecules because our analysis of dephasing rates is only sensitive to aperiodic motion, such as diffusion. In particular, static molecules or islands that could be attached to surface defects, do not contribute to the detected dephasing signal. The fact is experimentally corroborated by complementary HeSE measurements that were recorded at a larger coverage of 0.44 ML pentacene admolecules, yielding a very similar (K) curve ( Supplementary Fig. 2 ). Therefore, the minima are a clear indication that admolecules reside at specific sites that have the symmetry of the underlying pentacene surface corrugation. For hopping between those sites, a sinusoidal (K) dependence is expected. However, a closer inspection of the measured (K) curve, especially along the [001] azimuth ( Fig. 2 lhs) , reveals that the maxima are wider and the minima narrower than expected for hops between adjacent sites (compare with grey dashed lines). Such behaviour has been observed for long jumps of adsorbates in the low-friction regime 20 , where admolecules keep their kinetic energy long enough to overcome several diffusion barriers at once. In contrast, recent diffusion studies 21 revealed a high friction coefficient, h, for benzene and other small aromatic molecules, which was later attributed to their rotational DOF 22 . For large molecules like pentacene, the friction is expected to be even higher. Thus the question arises as to which microscopic diffusion pathways cause the deviation from a sinusoidal shape.
As a scattering technique, HeSE provides detailed ensemble properties of adparticle motion. However, such simulations require a potential energy surface (PES), which describes the interaction between admolecule and substrate. For covalently bound or small chemisorbed adparticles, a parametrized PES can be constructed using surface geometry and density functional theory (DFT) calculations 23, 24 . However, the limited computational precision of DFT methods for purely van der Waals interacting systems means such predictions are still challenging 25 .
To obtain an a priori PES, we describe the forces between the immobile pentacene molecules (within the well-defined surface lattice) and the diffusing pentacene using the MM3 force field 26 which has been shown to represent the interactions between organic molecules realistically 25 . In its minimum energy configuration the admolecule lies flat, with its long axis aligned either parallel or perpendicular to the surface molecules. Therefore, azimuthal rotation is needed for a transition between the two minima and we determine the potential energy as a function of lateral admolecule position and its azimuthal orientation (see Supplementary Section 5). The resulting PES is used in Langevin simulations at 300 K which yields reasonable agreement with the experiment (Supplementary Figs. 3-4) . To identify the most important features of the PES, we use a Fourier approximation ( Supplementary Figs. 5-6 , Table 1 ). This approach allows us to optimize the PES systematically and capture the essential surface dynamics needed to reproduce the experimental data, shown by the blue dots in Fig. 2 (details in Supplementary Fig. 7 and Table 2 ).
The optimized PES isosurfaces in Fig. 3a show effective rails which guide the admolecule Figure 3b illustrates the resulting surface diffusion: an admolecule diffuses along a rail until the rotation barrier is overcome and it rotates by 90°. This derailing stops movement along the rail until the next rotation which rerails the admolecule. During this interval the molecule is free to move along the perpendicular rail, which can be well seen in the trajectory (for animation see Supplementary Movie 1). The decomposition of movement into those elementary processes is illustrated in Fig. 3c .
The maxima in the (K) curve depend on the rotation barrier and temperature dependent simulations yield an effective activation energy of 85 ± 1 meV along [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , in good agreement with the value of 93 ± 9 meV determined by an Arrhenius analysis of the experimental data ( . Although we have clearly identified the pivotal role of the derailing process, we note that rotation itself was not detected directly through the HeSE analysis. The process was distinguished through the combination of elementary processes giving rise to apparent long jumps, as illustrated in Fig. 3d . Fast movement along a rail between derailing and rerailing appears as a long jump when projected onto that rail. The observed motion does not correspond to the fast movement along a rail but reflects the correlated recurrence of derailing stops that appear as jumps. Note that this explanation holds for both directions and results in the coincident minima in the experimental and simulated (K) curves (Fig. 2) , since the rails form a grid with the symmetry of the underlying surface. The interaction of shape anisotropic admolecules with anisotropic surfaces causes a peculiar coupling of diffusion directions which goes beyond anisotropic diffusion as reported previously e.g. for C60 on pentacene 27 . We obtained a Langevin friction coefficient of  = (1.8 ± 0.2) ps -1 which should be considered as a lower bound because some DOF were effectively frozen.
Based on the microscopic explanation of pentacene diffusion, an analytical model for hopping on a lattice with non-equivalent sites curve broadening is more pronounced (Fig. 2) . Hence, we confirm the intricate diffusion process where the azimuthal orientation of admolecules is responsible for the observation of long jumps.
In summary, we present the first observation of molecular scale diffusion in complex organic systems at room temperature. Diffusion of pentacene molecules on a pentacene surface highlights the pivotal role of molecular orientation, which leads to unexpected diffusion dynamics. Our findings enable a direct experimental validation of a PES constructed from force field schemes and will serve as an important benchmark for future ab initio approaches. Our results show how diffusive motion is linked to molecular orientation and substrate structure, which is of great importance for the emerging field of nanotechnology where functional molecular nanostructures are built using a bottom-up approach. Since we only focus on aperiodic long time scale diffusion, we exclude these processes from the analysis and describe the polarization with an exponential decay, A e -t + C, to extract the decay constant, . The offset C, for large t, is known to be caused by immobile species like surface defects 2 . To ensure that the data is best described by a single exponential, the following procedure is repeated with successively dropped initial data points until the resulting dephasing rate  converges: the Bayesian probability for the data to be represented by a sum of two exponential decays is calculated for pairs of decay constants with the prefactors and static level marginalized.
The most probable set of non-negative parameters is taken as starting point for the LevenbergMarquardt algorithm. The experimental data was throughout best described by a single decay, although simulated intermediate scattering functions may show an additional fast initial decay. The extra decay is a result of the above-mentioned scattering processes not being included in the simulation, which affects the relative amplitudes (prefactors) of the exponentials. The transition point between simulated decays is therefore shifted towards larger t compared to the experiment, where a possible second decay vanishes with the initial drop. The relative amplitudes can be used to rule out that the detected signal originates from vibrations or intra-cell motion 24 . 
